The US GPS and the planed Quasi Zenith Satellite System (QZSS) will enhance the capability of quickly resolving the integer cycle carrier phase ambiguities in precise differential positioning. The paper describes numerical analysis of the positioning performance of combined GPS-QZSS system. The current ambiguity resolution method is employed to resolve all cycle ambiguities of combined GPS-QZSS system. The performance of ambiguity resolution on a short baseline of 1 km in Tokyo is analyzed for different scenarios of the present GPS and combined future GPS-QZSS system. It is also analyzed in the Asian cities of Seoul, Beijing and Shanghai. The ambiguity fix percentage is adopted here for evaluating the performance of ambiguity resolution. It indicates that increasing the number of satellites has a benefit on the capability of getting quick ambiguity resolution. It also indicates that the ambiguity fix percentage with both GPS and QZSS is much higher than that with only GPS on the short-baseline operation.
Introduction
Precise GNSS positioning results are obtained with carrier phase measurements, once the integer cycle ambiguities have been successfully resolved. During the last decade, vast experience has been gained on fast and precise positioning with GPS as a dual frequency system, in the applications such as Real-Time Kinematic (RTK) positioning. The performance of integral GPS and Galileo or EGNOS has been recently demonstrated. [1] [2] [3] The planed QZSS is expected to further reinforce present RTK positioning.
In this contribution, current plans on GPS and QZSS system design are briefly reviewed in Section 2. The software simulator, developed by the authors and used to generate pseudorange and carrier phase data for analysis, is described in Section 3. The ambiguity resolution method used in this research is briefly introduced in Section 4. Since the early 1990s, several different approaches for searching ambiguity have been developed. The standard least squares ambiguity search technique is adopted in the present research. It is not the subject to choose the best approach for searching ambiguity. The comparison among these searching algorithms is presented by Kim and Langley. 4) The performances on ambiguity resolution is presented for 24 hours in some cities in Asia in Section 5 for various GNSS constellation scenarios.
The ambiguity fix percentage is adopted as an indicator of the performance. It is corresponding to the ratio value between the number of correct ambiguity fixes within 300 seconds and the number of the total ambiguity fixes. The reliability is often used 5) as another indicator of performance. Meeting reliability requirements has the highest priority to judge whether the positioning solution is acceptable or not, rather than time to fix. It is, however, in the present analysis, almost 100% on the short baseline under good conditions. So we do not adopt the reliability here.
Satellite Constellation and Signal Structure

GPS
The GPS configuration is used of GPS YUMA almanac of GPS week 193, 2003. There are four or more satellites, in circular orbits, in each of the six orbital planes. Key-parameters are an orbital radius of 26,560 km and an inclination of 55 degrees relative to the equatorial plane. With a spare slot in each plane, the currently deployed constellation can support up to 30 satellites. The present constellation (as of May 1, 2003) consists of 29 satellites.
QZSS
The QZSS constellation parameters have not been decided yet, so we chose three cases of constellation for the simulation referring to some articles written about the constellation of QZSS. [6] [7] [8] We take a constellation of satellites in the synchronous orbits inclined at 45 degrees. It will contribute to improve the satellite communication environment for mobile users in urban and mountainous areas by offering high elevation angles of about 70 degrees at all times throughout Japan. If the satellite orbits are appropriately selected, one of them stays over Japan with a high elevation angle for at least 8 hours. Therefore, three satellites are sufficient with three inclined orbits having the longitude of ascending node of 120 degrees separation for 24-hour operation.
The first case is shown in Fig. 1 . There are three circular orbital planes with one satellite. Key parameters are a radius of 35,781 km and an inclination of 45 degrees. The orbit draws a symmetric figure eight on the Earth's surface. The second case, shown in Fig. 2 , is with three elliptical orbital planes having one satellite. Key parameters are an eccentricity of 0.099, the perigee height of 31,612 km, the apogee height of 39,960 km and an inclination of 45 degrees. The orbit draws an asymmetric figure eight. The third case, shown in Fig. 3 , is with three elliptical orbital planes having Ó 2004 The Japan Society for Aeronautical and Space Sciences one satellite. Key parameters are an eccentricity of 0.2, the perigee height of 26,932 km, the apogee height of 44,641 km and an inclination of 45 degrees. This orbit draws an eggshape figure. We designate the first case QZSS1, the second case QZSS2 and the third case QZSS3. Figure 4 and Figure 5 compare the number of satellites above a 10 degrees elevation cut-off for 24 hours in Tokyo between an only GPS constellation and a combined GPS-QZSS1 constellation. Adding the QZSS augments visible satellites to seven or more.
Both L1 and L2 signals are used in both GPS and QZSS in the simulation. Signal parameters are shown in Table 1 .
The Simulator for Tracking Errors
We have developed the software simulator to generate pseudorange and carrier phase data for the analysis in order to analyze the tracking errors. It needs the satellites orbits, the navigation signal structure, the receiver's parameters and its position.
It can generate the DLL and PLL tracking errors, which are defined respectively as the difference between the true code pseudorange or carrier phase and the measured one. These are obtained by equations (1) and (2) which model the errors in DLL and PLL tracking loops of the receiver. The code tracking jitter due to the DLL thermal noise is treated as the dominant source of errors in pseudorange. The dynamic stress for the code tracking loop usually can be neglected, since it is reduced to a small-order effect by means of carrier-aided code measurement technique. Then the code tracking jitter ' tDLL is described as follows. 
¼ 1 for early/late type discriminator where the DLL thermal noise is directly proportional to the square root of the filter noise bandwidth. The lower B W results in a lower jitter which, in turn, results in a lower C=N 0 threshold. Also, increasing the predetection integration time T results in a lower C=N 0 threshold, but is less effective than reducing B W . Reduction of the correlator spacing, d, also reduces the DLL jitter. One-sigma of DLL tracking errors is estimated to be less than one meter.
The PLL thermal noise is also treated as the only source of carrier tracking error, since the other sources of PLL jitter may be either transient or negligible. The code tracking jitter due to PLL thermal noise ' tPLL is described as follows.
The jitter due to thermal noise in a carrier strictly depends on the C=N 0 , the noise bandwidth B w , and the predetection integration time T. Increasing C=N 0 and decreasing the noise bandwidth reduces the thermal noise. One-sigma of PLL tracking errors is estimated to be less than a few millimeters.
Although we do not estimate here, we have to point out that the error due to multipath, in most cases, is much larger than those due to thermal noise. 10, 11) The error must be considered for analysis on ambiguity resolution in carrier phase measurement and it is estimated typically to be less than one centimeter in 1-sigma. The error in pseudorange measurement is estimated to be a few meters at the remote stations and 20% at the reference station. The clock error is not considered in the simulation.
We use a GPS receiver of wide-band 8 MHz which employs a non-coherent first order DLL, a second order Costas PLL, carrier-aided DLL and correlator with spacing d of 0.1 and then tracks a C=A code type signal on L1 and L2 in the simulation. The other parameters are shown in Table 2 .
Ambiguity Resolution
Fast and precise positioning with either the current GPS or the future modernized GPS and QZSS requires resolving the unknown cycle ambiguities of the carrier phase data instantly. This process is commonly referred to as integer-ambiguity resolution.
12) The goal of ambiguity resolution is to determine the L1 ambiguity. However, it is desirable to resolve the ambiguity beforehand by widelane technique with dual frequency of L1 and L2. The position information calculated by widelane technique helps to determine effectively the initial value of L1 ambiguity. The other major advantage of the dual frequency GPS receivers over single frequency ones in ambiguity resolution is that longer baseline positioning is possible by means of the accurate estimation of the ionospheric delay. Here, we give the observation equations of measurement data for code and carrier phase respectively, used in the present algorithm.
where i ¼ L1; L2. The unknown parameters are geometric range & from satellite to receiver, the clock errors, d and , for receiver and satellite respectively, the ionospheric and tropospheric delays, I and T, the ambiguity N for the carrier phase, and, eventually the noise term including multipath error, " and . In differential positioning, the clock error terms cancel each other explicitly when double difference combinations of measurements are taken over the two participating stations and pair-wise over satellites. Using these data step by step, we finally resolve the L1 ambiguity and obtain the positioning solution. We developed the precise positioning software using double difference combi- Fig. 6 . The details are described step by step as follows.
(1) The initial estimations of widelane ambiguities are determined using the position, which is inferred from the double differences of carrier smoothed L1 pseudoranges. The time constant of carrier smoothing is 100 seconds. One-sigma of the double differences of carrier-smoothed L1 pseudorange is set to be approximately 50 cm in the simulation. The correct integer ambiguity should be in a domain centered to the initial value. Among all of the observed satellites, we choose four that have the minimum RDOP (Relative Dilution of Precision) as primary satellites. If three ambiguities of primary satellites are resolved, the probable positions of the user receiver are obtained. First, we resolve the ambiguities of primary satellites by the least square searching method, and next, the ambiguities of the secondary satellites are resolved. Since the wavelength of widelane is about 86 cm, the solution is in a range of initial value AE2 cycles with a confidence level of 99%. The search number is 5 3 ¼ 125.
(2) Receiver position is assumed from ambiguity candidates. The statistical tests are performed in both the measurement domain and positioning domain to identify the most probable position. In the measurement domain, the 1 2 test is applied using the sum of measurement residuals. The candidates satisfying the fixed condition are rejected. In the positioning domain, taking the differences between the horizontal position deduced by smoothed pseudorange and that from ambiguity candidate, the candidates that fit into the criteria are selected. The confidence level is set at 99% in both statistical tests.
(3) If only one ambiguity candidate set is retained, it is considered to be the solution. If more than two candidate sets are retained, the same statistical tests will be applied at the next epoch.
(4) The initial values of L1 ambiguity are deduced from the position determined by widelane technique. (5) Procedures same as (2) and (3) are repeated until only one candidate set remains. The procedures of L1 ambiguity resolution are almost same as the widelane ambiguity resolution.
Results and Analysis
We have developed a software to calculate the percentage of the ambiguity fixed by the above techniques for various scenarios; i.e. GPS alone, and GPS combined with 3 types of QZSS are considered with single and dual frequencies. First, the model parameters and basic assumptions are briefly reviewed as follows.
The short baseline of 1 km is only considered. Differential atmospheric delays are assumed to be completely absent (zero) between reference and user receivers. Figure 7 shows relative frequency distributions of the number of satellites in view at an elevation angle higher than 30 degrees in 4 cases: i.e. only-GPS, combined GPS and QZSS1, combined GPS and QZSS2, and combined GPS and QZSS3. The visible satellite number is less than 5 during about 41% of a day in the current GPS constellation. Therefore, the service of RTK positioning is not practical, as the ambiguity resolution procedure requires more than 5 satellites. On the contrary, five or more satellites can be found over the sky almost all day in the combined GPS and QZSS. It is proven that the highly accurate RTK positioning is available all day in Tokyo by the aid of QZSS.
The ambiguity fix percentage is adopted here as an indicator of the performance. The ambiguity is computed for all 86,400 epochs over the all day period. We re-initialize the integer ambiguity every 300 seconds. The ambiguity fix percentage can be obtained by calculating the ratio value between the number of correct ambiguity fixes within 300 seconds and the number of the total ambiguity fixes. The total number of ambiguity fixes is 288. Table 3 shows the ambiguity fix percentage for GPS alone for mask angles of 15 degrees and of 30 degrees. The second line gives the percentage of ambiguity resolution fixes within 300 seconds, while the third line gives the percentage of times in which ambiguity can not be fixed within 300 seconds. The fourth line gives the wrong ambiguity fix percentage. The fifth line gives the percentage of times in which the number of satellites is less than 5. The constellation of 29 satellites is used. At least 5 satellites are needed in the am- In the case of a mask angle of 30 degrees, the period when more than 5 satellites is visible is about 58% and the correct ambiguity fix percentage is only about 41%. Thus, the service of RTK positioning is not practical. The unfix percentage increases from 4% to 14% in the case of a mask angle of 30 degrees. The reason why is that the greater the number of visible satellites decrease, the time to fix increases. Table 4 shows the ambiguity fix percentage for combined GPS and QZSS1 with 3 satellites for mask angles of 15 degrees and of 30 degrees. The number of visible satellites is more than 5 for almost all day with adding 3 QZSS satellites in the case of a mask angle of 30 degrees. The high fix percentage is obtained in both mask angle compared with the case of GPS alone. Especially in the case of a mask angle of 30 degrees, the fix percentage increases from 94% to 98%. This is mainly due to the increasing of the visible satellites. The ambiguity could be fixed with single epoch data when the number of satellites was more than 8. However, in the case of a mask angle of 30 degrees, the fix percentage (89%) is not enough from a practical point of view. This is not a feasible combination in the application that requires continuous high accuracy of a few cm. 5.3. Combined GPS and QZSS2 Table 5 shows the ambiguity fix percentage for combined GPS and QZSS2 with 3 satellites for mask angles of 15 degrees and of 30 degrees. In the case of a mask angle of 15 degrees, wrong fixes can not be seen and the ambiguity fix percentage is almost the same as the case of combined GPS and QZSS1. The number of satellites is more than 5 even in the case of a mask angle of 30 degrees. However, the ambiguity fix percentage is slightly lower and the unfix percentage is slightly higher compared with the case of combined GPS and QZSS1. This is mainly due to the difference of QZSS constellation. As we can see the results from the case of combined GPS and QZSS2, this service is still not a practical combination in the application that requires continuous high accuracy of a few cm in the case of a mask angle of 30 degrees. Table 6 shows the ambiguity fix percentage for combined GPS and QZSS3 with 3 satellites for mask angles of 15 degrees and of 30 degrees. The ambiguity fix percentages in both mask angles are higher than the results of all other cases. It can be said that this QZSS constellation is relatively suitable for RTK service compared with other QZSS constellations. However, this service is still not a practical combination in the application that requires continuous high accuracy of a few cm in the case of a mask angle of 30 degrees. Table 7 shows the ambiguity fix percentages for combined GPS and QZSS3 in other cities in Asia and Sydney, Australia for mask angles of 15 degrees and 30 degrees with the baseline length of 1 km. The upper row of each city shows the results in the case of a mask angle of 15 degrees. The lower row of each city shows the results in the case of a mask angle 30 degrees. As a constellation, combined GPS and QZSS is chosen because the ambiguity fix percentages in the case of combined GPS and QZSS3 are slightly higher than those in the other cases in the above results. The ambiguity fix percentages of all cities except for Sydney in the case of a mask angle of 15 degrees are slightly higher than those in Tokyo. Especially in Seoul and Shanghai, where the ambiguity fix percentage reaches 100%. Even in Sydney, the ambiguity fix percentage in the case of a mask angle of 15 degrees is similar to the results of other cities. From these results, it is found that QZSS serves effectively not only inside Japan Islands but a vast region outside of Japan as well. 5.6. Ambiguity fix percentage for a different number of satellites Table 8 shows the ratio value between the number of correct ambiguity fixes and the number of total ambiguity fixes for a different number of visible satellites in the total 7 cities: Tokyo, Sapporo, Fukuoka, Seoul, Beijing, Shanghai and Sydney. As a constellation, combined GPS and QZSS3 is chosen. When the number of satellites is 5, correct ambiguity can not be resolved within 300 seconds over 50%. This is because the ambiguity resolution technique used in this analysis requires more than 6 satellites to achieve proper RTK service (over 90%). On the other hand, when the number of satellites is more than 8, correct ambiguity can be resolved within 300 seconds 100% of the time. It can be said that more than 8 satellites is required to achieve sufficient RTK service. The number of minimum satellites is almost maintained in all 7 cities by adding QZSS3 in the case of a mask angle 15 degrees from the above results. This means that adding QZSS3 increases the ambiguity fix percentage to a sufficient service level in the case of a mask angle of 15 degrees.
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Conclusions
It has been demonstrated that the capability of resolving carrier phase ambiguities with a combined GPS and QZSS system clearly prevails over the present GPS. The high ambiguity fix percentage can be attained not only inside Japan, but also a vast region outside of Japan as well owing to additional QZSS constellation. In the case of a mask angle of 15 degrees, sufficient RTK service is expected from the results of this simulation. In the case of a mask angle of 30 degrees, however, the sufficient ambiguity fix percentage can not be attained and therefore continuous RTK positioning service is not available under taxing conditions such as are busy downtown streets. A few more satellites are needed all the time to accomplish such a service under those conditions. It will be possible to realize the sufficient ambiguity fix percentage for practical application, if Galileo reinforces the constellation of the combined system of GPS and QZSS. 
